Electroless etching to create either nanocrystalline microporous silicon or silicon nanowires takes several forms. 1 Stain etching is a technique that involves an etchant composed of an oxidant in an acidic fluoride solution. When the concentrations are appropriately adjusted, porous film formation rather than electropolishing takes place. Stain etching has the potential advantage of being simple and inexpensive. It can also be performed on silicon substrates of arbitrary shape, for example, on mesoscopic pillars. 2, 3 Stain etching has a bad reputation because the most commonly used oxidant is a nitrate ͑or nitrite͒. The use of nitrates leads to bubble formation, inhomogeneous films, and irreproducible results. Little control over the photoluminescence ͑PL͒ wavelength is observed. The films are generally not much over 1 m. An annoyance is that the etchants often exhibit variable induction times that can be 15 min or more. Sodium nitrite has been added to avoid this induction time; 4 however, it tends to enhance bubble production. Recognizing that the role of the oxidant is to inject holes into the valence band, thereby initiating the reactions that engender porous silicon ͑por-Si͒ formation, and that the reactions do not directly lead to the formation of a gas, Nahidi and Kolasinski 5 suggested that bubble generation could be avoided by using an oxidant that involves a transition metal ion. They introduced a particularly useful oxidant Fe 3+ and showed that it could be used to produce uniform films in the absence of bubble formation. However, they still experienced problems with a variable initiation time.
During this study, we became aware of the work of Solomon et al. 6 who applied stain etching with a FeCl 3 + HF + HCl solution to the formation of porous hydrogenated Si from hydrogenated microcrystalline Si deposited by plasma-enhanced chemical vapor deposition. Their starting material is much different than the singlecrystal Si wafers used here; nonetheless, they were able to produce brightly photoluminescent films after very short etch times ͑Ͻ1 min͒.
Our two primary objectives in this report are to demonstrate that stain etching with Fe 3+ as an oxidant is significantly more versatile than previously thought and to show that the V͑V͒ and Ce͑IV͒ oxidation states can also be used as extremely effective oxidants. V͑V͒ exhibits essentially instantaneous por-Si formation and Ce͑IV͒ produces the most uniform films yet observed. These films exhibit PL and the orange-red PL is long-lived. The initiation time of Fe 3+ -based etchants can be reduced to 1 min or less by the addition of concentrated HCl or H 2 SO 4 . Unstable green emission has also been observed from films etched for extended periods ͑Ͼ4 h͒.
Experimental
All samples were etched from Si͑100͒, Czochralski grown, B-doped, p-type prime grade wafers with 14-22 ⍀ cm resistivity and 500-550 m thickness. All solutions were aqueous. All etching was performed at room temperature for the Fe͑III͒ and V͑V͒ solutions. The oxidants were introduced either by the addition of Scanning electron microscopy ͑SEM͒ was performed with an FEI Quanta 400 ESEM, at a voltage of 2-15 kV with a working distance of 10-15 mm. Imaging was usually performed in a background of ϳ100 Pa of water in an environmental SEM mode. The SEM operated with integrated Oxford INCA energy dispersive X-ray spectroscopy ͑EDS͒. PL and PL excitation spectroscopies were performed on a Cary Eclipse fluorescence spectrometer, with slit widths set for 5 nm resolution and filtering on both the emission and excitation. 350 nm light, which has a penetration depth Ͻ100 nm, was used to excite PL in the spectra shown below. PL peak positions were determined by fitting the top of the peak to a Gaussian profile and are reported as the center of the resulting Gaussian fit. While PL spectra were observed to change over the course of several hours of air exposure or several minutes of UV exposure, they did not change over the course of the time scale of a minute or so required to acquire a single spectrum.
Results and Discussion
Addition of concentrated acids to Fe(III)-based etchants.-Starting with the Fe͑III͒ etchants of Nahidi and Kolasinski, 5 we began a combinatorial approach for optimization of the solution composition. We used either 1.37 or 1.65 g of FeCl 3 ·6H 2 O added to a solution of 48 wt% HF + concentrated acid ͑HClO 4 , HCl, or H 2 SO 4 ͒. The sum of the volume of the HF + acid always equaled 10.0 mL; hence, the Fe͑III͒ concentration was either 0.507 or 0.610 mol dm −3 , respectively. Addition of HClO 4 , HCl, and H 2 SO 4 produced more stable and reproducible results than stain etchants composed of just Fe͑III͒ + HF. The addition of acid changed the induction time. In all three cases, the induction time was reduced to Ͻ5 min and became less variable when compared to Fe͑III͒ + HF etchants. The induction time varied with the concentration of Fe͑III͒ and acid. Of the three, H 2 SO 4 had the shortest induction period, usually Ͻ1 min. Frequently, the initiation of por-Si formation in H 2 SO 4 etchants was remarkably uniform across the entire surface as demonstrated by a uniform color change across the whole wafer. More commonly and especially in the other etchants, a color change began in one part of the crystal and then swept across the remainder. All three etchants produced thick ͑Ͼ1 m͒ layers of brilliantly photoluminescent porSi. One major disadvantage of the HClO 4 etchant, but not the HCl and H 2 SO 4 etchants, was that a precipitate formed when etching was performed for long periods, particularly if Ar is not used.
Extended etch duration in Fe(III)-based etchant.-Previously, Nahidi and Kolasinski
5 only examined the results of etching for ഛ30 min; here, we investigated longer etch durations. It was important to exclude air from the reaction vessel to obtain reproducible results; therefore, we displaced the air with Ar and the beaker was covered during etching.
Etching for Ͼ3 h in HClO 4 , HCl, and H 2 SO 4 ͓or even longer times for Fe͑III͒ + HF without added acid͔ led to a remarkable change in the film structure as shown in Fig. 1 . The film shown in Fig. 1 was produced by etching for 22.5 h in an etchant composed of 1.37 g FeCl 3 ·6H 2 O + 3 mL H 2 SO 4 + 7 mL HF and was subjected to drying in flowing Ar after a final rinsing step in methanol.
Before drying, the film had a bronzy appearance. The color was mostly uniform, and the crystal had a shiny appearance, indicating a uniform flat film. During drying, the film took on a rough golden brown appearance. As Fig. 1 demonstrates, the roughening resulted from cracking and exfoliation. Closer examination of Fig. 1 revealed that only the upper half of the film exfoliated, the initial thickness of which was over 12 m. A film that exceeded 6 m in thickness remained attached to the substrate. These films are far thicker than the ഛ1 m thickness usually associated with stain-etched films. The exfoliated flakes appeared much brighter in the micrographs because they were more susceptible to charging.
The film morphology was further investigated as shown in Fig. 2 . We etched a Si substrate in 1.37 g FeCl 3 ·6H 2 O + 3 mL HClO 4 + 7 mL HF for 27 h. The film was then rinsed and dried using CPD. The film retained its bronzy, shiny appearance after CPD. The film was then cross sectioned by cleaving. The upper and lower interfaces of the ϳ4 m thick film are sharp and flat ͑Fig. 2a͒. Note that the upper portion of the film appeared brighter, indicating a higher degree of charging. This could result from the upper portion of the film having a lower conductivity because it had a higher porosity. 8 A drop of water was then placed on the cross-sectioned edge of the sample and the sample was dried in air. Drying caused significant capillary forces to build up, and similar to the results of Bellet and Canham, 9 Cullis and Canham, 10 and Kolasinski et al., 11 these forces significantly altered the film morphology. Figures 2b and c show that capillary forces cracked and partially exfoliated the top layer of the film. Figure 2c follows the crack back to its origin to show that the crack was rough rather than a smooth cleave. The brighter upper part detached from the bottom of the film. We conclude that the upper part was mechanically less stable than the bottom of the film because it had a higher porosity.
Scanning electron micrographs revealed virtually no fine structure of the pores either in plan view or in cross section. Occasionally in plan view we observed a pore that was Ͼ50 nm diam, which was clearly a defect rather than an indication of the film's structure. For the most part, the film was composed of a homogeneous distribution of pores, which were smaller than the ϳ10 nm resolution of our SEM. We have performed preliminary transmission electron microscopy studies. These indicated that many pores may be on the order of 3 nm across. Using the formula of Bellet and Canham 9 for the critical thickness of cracking, we estimate that the porosity of the upper layer must exceed ϳ80%.
The dual layers had distinct optical properties. The upper layer was less mechanically stable and completely removed by wiping with a Kimwipe or by a short ͑5-10 s͒ burst of ultrasonic radiation while the substrate was immersed in isopropanol. Removal of the upper layer was confirmed by eye from the change in the color and reflectivity of the substrate. Furthermore, removal of the upper layer created a photoluminescent powder. The upper and lower layers were optically distinct in that the PL was significantly bluer from the upper layer as compared to the lower layer. For a sample etched in 1.65 g FeCl 3 ·6H 2 O + 3 mL HClO 4 + 7 mL HF for 5 h and dried in Ar, the peak shifted from 586 to 638 nm when the upper layer was removed. Assuming that the PL results from quantum confinement in silicon nanocrystals contained in the pore walls, bluer PL from the upper layer is also consistent with the upper layer possessing a higher porosity as this correlates with narrower walls and smaller crystallites. For the HClO 4 , HCl, and H 2 SO 4 etchants, the PL spectrum developed and changed for etch times up to ϳ8 h. The PL peak from the upper layer blueshifted as the etching time increased. It eventually reached the green region with a peak wavelength in the range of 520-530 nm ͑Fig. 3͒. This green emission was observed both when the film was immersed in water ͑never having been dried͒ and in air after drying. Whereas the green emission was stable at least for several days if samples were kept in a weakly acidic aqueous solution, the green emission faded when samples were exposed to air.
Simple quenching of the green PL by gaseous O 2 is not consistent with the following observations: ͑i͒ For a sample dried in Ar, the green PL was not immediately quenched by exposure to air. Instead, the green PL faded slowly over the course of 15-30 min. ͑ii͒ For a CPD sample, the PL was more stable and only faded over a period of hours. If quenching by O 2 were responsible for the disappearance of the green PL, the behavior should not depend on the drying conditions and the quenching should be immediate upon exposure to air. Instead, the quenching of the green PL was more likely the result of a slow oxidation process induced by the dissociative adsorption of O 2 on the H-terminated surface of por-Si. We surmise that the superior structural integrity, and associated lower structural defect density, of CPD por-Si compared to Ar-dried por-Si reduced the dissociative sticking coefficient of O 2 , the oxidation rate was therefore lower, and the CPD films exhibited green PL for a longer period of time.
The Fe͑III͒ + HF etchant also produced green-emitting films; however, it took significantly longer to do so. Even at 17.5 h of etching, such a film exhibited both the green PL peak and a red peak ͑Fig. 3͒. Unlike the green peak, the red peak faded only a little or not at all with air exposure. Some samples retained strong PL over a period of months, whereas others lost intensity over a period of days or weeks. X-ray dispersive spectroscopy performed in the SEM indicated that the air-exposed films contain only Si, O, and a small amount ͑if any͒ of F. Never was any Fe ͑or V or Ce for the films mentioned in the following sections͒, Cl or S found. Furthermore, IR absorption spectra of films freshly prepared in these etchants exhibited strong absorption peaks associated with Si-H bonds but gave no evidence for incorporation of O into the film immediately after rinsing and drying. The observations are consistent with results of anodic etching to produce por-Si in which the surface remains predominantly H-terminated throughout with some F atoms penetrating into the Si lattice or else being present in the form of physisorbed etched products. 12 There is no evidence for the formation of compounds containing anything other than Si and H. Cross-sectional SEM images of a por-Si film etched in 1.37 g FeCl 3 ·6H 2 O + 3 mL HClO 4 + 7 mL HF for 27 h under Ar. ͑a͒ The film remained intact after CPD, and the upper and lower interfaces were both sharp. ͑b͒ A drop of water was placed on the film and allowed to dry in air. The top layer cracked and exfoliated. ͑c͒ Following the crack of the exfoliated region shown in ͑b͒ back to its origin, we see that the total film thickness was ϳ4 m and that the upper part of the film separated from the bottom part along an irregular crack.
Figure 3.
Etching Ͼ8 h leads to a significant blueshift in the PL. In the absence of added HCl or H 2 SO 4 , the development of the peak near 530 nm was significantly slower. The samples were etched for 17.5 h with 1.65 g of FeCl 3 ·6H 2 O added to 10 mL HF or 1 mL HCl + 9 mL HF or 1 mL H 2 SO 4 + 9 mL HF. 4a, the PL spectrum of a film etched for 30 s in the V-based etchant is shown. The PL from films produced in V-based etchants was consistently red to orange ͑peaking at 610-650 nm͒, intense, and long-lived ͑months without degradation͒. The peak in Fig. 4a is at 630 nm, but we have not yet ascertained if it is possible to systematically shift the PL peak wavelength based on etching conditions. No other etchant forms layers as rapidly. As confirmed by EDS and IR spectroscopy, the pristine films contain nothing but hydrogenterminated Si. We investigated the etching of a solution composed of 0.5 g CeF 4 + 5 mL H 2 SO 4 + 5 mL H 2 O at temperatures of 0°C and 25 ഛ T ഛ 75°C in 10°steps. Only a fraction of the CeF 4 dissolves. The formation of a uniform por-Si film without bubble formation was observed at all temperatures. Formation was slower at 0°C but occurred readily at all temperatures up to 75°C. The color changes that occurred as etching proceeded were exceedingly uniform and gradual as observed by eye over the first 30 min of etching. The films produced were the most uniform we have observed with deep rich colors produced by white-light interference. Samples etched for ഛ30 min did not exhibit visible or IR PL immediately after rinsing and drying. After four to five days of exposure to air, faint spots of PL develop. After more than seven days, strong, robust, visible PL grew in intensity. When the PL appeared, it was in the visible. PL did not start in the IR and blueshift into the visible. The strong PL was subsequently stable over a period of months. Samples stored under dry Ar did not develop PL after seven days. However, once removed from the dry Ar atmosphere, these samples developed PL after several days of air exposure just like the samples exposed immediately to air. Although we do not have a fundamental explanation for the development of PL, most likely it is related air-induced oxidation in some way; however, other explanations may be possible. It is important to note that as confirmed by EDS and IR spectroscopy, the pristine films contained nothing but hydrogen-terminated Si.
Ce(IV)
Most samples were red or red-orange, peaking at ϳ640 nm, although some exhibit yellow-green PL, peaking as low as 605 nm ͑Fig. 4b-d͒. We continue experiments to determine whether there is a systematic reason for the spectral differences exhibited in Fig.  4b-d . The yellow-green PL was only observed with the harshest etch conditions ͑a 65 h etch and an etch at 75°C͒. The reddest PL ͑peak-ing at 710 nm͒ was observed from a sample etched at 0°C. If a sample was etched overnight in the solution, it exhibited visible PL immediately after rinsing and drying.
Conclusions
Fe͑III͒-, V͑V͒-, and Ce͑IV͒-based stain etchants can produce uniform photoluminescent porous silicon films in the absence of bubble formation. It is shown here that V 2 O 5 and CeF 4 can be used to produce stain etchants. Both IR and EDS spectra unequivocally indicated that the films as formed contained only Si and H. The kinetics of film formation were completely different for the three solutions, which made direct comparisons based on etching time difficult. The V-based solutions produced por-Si with virtually no induction time before por-Si formation began on single-crystal substrates and it continued at a high rate. The induction time of the Fe͑III͒ solutions was significantly reduced by the addition of concentrated acids, especially HCl and H 2 SO 4 , which had induction times of ഛ1 min, and steady etching afterward. When etched for ജ3 h, these films were several micrometers thick and the upper half or more had a significantly higher porosity than the lower layer. While all of these etchants produced films that were more uniform than those created by the standard nitrate-based stain etchants, the slow but steady etching in the Ce-based etchant created the most uniform films.
The PL spectrum of all these films exhibited the usual red/orange PL in the range of 630-700 nm for etch times Ͻ3 h. However, as the dual layer structure formed in the Fe-based etchant, the PL from the upper layer continually blueshifted with increasing etch duration. Eventually, peak wavelengths as short as 520-530 nm were observed. The PL peak from the lower layer behaved much like what was observed at shorter etch times.
Thus, we speculate that there are two reactions occurring in the stain etchant. The first is the conventional stain-etching reaction, which forms por-Si as described by Nahidi and Kolasinski. 5 The second reaction is a much slower chemical reaction that gradually increases the porosity and blueshifts the PL spectrum. The second reaction is similar to the reaction suggested by Canham 13 in his original report of visible PL from high-porosity por-Si. Canham used a 6 h quiescent reaction in 40% aqueous HF to obtain visible PL in anodically etched por-Si. If the mechanism of dual layer structure formation is that of two competing reactions with different rates and with the ability to produce correspondingly different minimum size silicon nanostructures, then our films likely possess a porosity gradient from low at the bottom to high at the top. It is unclear whether this gradient is abrupt, as suggested by Fig. 1 and 2 , or whether it is gradual. Nonetheless, the mechanical instability of the upper layer lends itself to facile production of copious quantities of photoluminescent, nanocrystalline porous silicon powder.
